Manipulating strong light-matter interaction in semiconductor microcavities is crucial for developing high-performance exciton polariton devices with great potentials in next-generation all-solid state quantum technologies. In this work, we report surface plasmon enhanced strong exciton-photon interaction in CH3NH3PbBr3 perovskite nanowires. Characteristic anti-crossing behaviors, indicating Rabi splitting energy up to ~ 560 meV, are observed near exciton resonance in hybrid semiconductor-insulator-metallic waveguide cavity at room temperature. An exciton-photon coupling strength enhancement factor of ~ 1.4 times is evaluated, which is mainly attributed to surface plasmon induced localized excitation field redistribution. Further, systematic studies on nanowires and insulator dimension dependence of exciton-photon interaction are presented. These results provide new avenues to achieve extremely high coupling strengths and push forward the development of electrically pumped and ultra-low threshold small lasers.
Abstract:
Manipulating strong light-matter interaction in semiconductor microcavities is crucial for developing high-performance exciton polariton devices with great potentials in next-generation all-solid state quantum technologies. In this work, we report surface plasmon enhanced strong exciton-photon interaction in CH3NH3PbBr3 perovskite nanowires. Characteristic anti-crossing behaviors, indicating Rabi splitting energy up to ~ 560 meV, are observed near exciton resonance in hybrid semiconductor-insulator-metallic waveguide cavity at room temperature. An exciton-photon coupling strength enhancement factor of ~ 1.4 times is evaluated, which is mainly attributed to surface plasmon induced localized excitation field redistribution. Further, systematic studies on nanowires and insulator dimension dependence of exciton-photon interaction are presented. These results provide new avenues to achieve extremely high coupling strengths and push forward the development of electrically pumped and ultra-low threshold small lasers.
Introduction:
Strong light-matter interaction in solid state systems, distinguished from weak light-matter interaction by arising of a new quantum state with half-light and half-matter, is particularly interesting for novel photonic and quantum devices. In semiconductor cavities, exciton polaritons are formed when the interaction rate g between exciton and cavity photon is faster than their dissipation rate , so called "strong coupling regime". 1 Being a Bosonic quasi-particle with effective mass four orders lower than that of free electrons, 2 exciton polariton not only provides an ideal platform for macroscopic quantum electrodynamics, but also holds great promise for realizing superfluities, 3, 4 Bose-Einstein condensation (BEC) at room temperature [5] [6] [7] [8] [9] [10] and thereby ultra-low threshold lasing [11] [12] [13] and slowing light devices. 14, 15 Pioneer works have been made on strong coupling between microcavity photons and excitons in materials systems with intrinsic oscillation strength such as organic semiconductor, 11 wide bandgap semiconductors (GaN, ZnO), 12, 13 two dimensional semiconductor 16 or enhanced oscillation strength by quantum well structures (GaAs, CdTe, etc). 9, 10 However, most of these polariton effects are achieved under either cryogenic temperature, ultra-violet regime, or relying on expensive and complicated cavity fabrication proceedings. Hybrid inorganic-organic lead halide perovskites, combing advantages of both organic and inorganic materials, may provide a great platform to realize versatile, low cost exciton-polariton and polariton lasing. [17] [18] [19] [20] [21] Perovskites exhibit facile engineering of exciton properties throughout ultra-violet to near-infrared regime. Their large intrinsic exciton oscillation strength effectively relives the need of high factor (Q) cavity for polariton device over the whole visible spectra regime. 18, 22 Further, the great electrical properties extremely raise the possibility of realizing electrically driven polariton devices. With two end-facets as reflector, perovskite nanowires (NWs) naturally form active optical microcavities, which have shown impressive lasing properties, such as high coherence and ultra-low threshold. [23] [24] [25] [26] Recently, we demonstrate that single crystalline perovskite NWs (CH3NH3PbBr3, MAPbBr3) support strong room temperature polariton effect in visible range. 27 Although the Rabi splitting energy (~ 390 meV) is higher than those reported in similar semiconductor microcavity (< 200 meV), 28 , 29 the lasing of as-grown MAPbBr3 NW is still govern by population inversion of excitons.
Considering the increasing scattering processes at intense pumping condition, it is critically important to explore novel methods to promote strong exciton-photon coupling strength to maintain coherence of excitons and photons for the practical application of polariton.
Exciton-photon coupling strength can be described as,
, where n, f
and Veff are oscillator numbers per volume, exciton oscillator strength and effective mode volume, respectively. According to the equation, exciton-photon coupling frequency g can be enhanced via (1) enlarging oscillator numbers by improving quality factor Q of optical cavities or increasing the amount of active materials; (2) promoting oscillator strength by, i.e., adopting quantum confinement structures; (3) lowering mode volume by pushing optical cavities dimension into sub-wavelength regime. 1, 22 For example, for technologically important semiconductor GaAs with small intrinsic oscillator strength, room temperature exciton polariton can be realized by coupling GaAs quantum wells structure to high-Q Bragg reflector cavity. [7] [8] [9] The need for high-Q cavities and quantum well structures can be partly mitigated by adopting reduced dimensional cavities to confined photonic modes, i.e., one-dimensional NW of semiconductors. 22 Surface plasmon owns unprecedented capability of sub-wavelength mode confinement and strong localized field generation.
It has been used to tailor light matter interaction in weak coupling regime. [30] [31] [32] [33] [34] [35] As a contrast, the reports on surface plasmon polariton tuned strong exciton-photon coupling effect are still inadequate.
Herein we introduce metal-insulator-semiconductor (MIS) hybrid plasmonic cavity to enhance strong exciton-photon coupling strength of lead halide perovskites.
Rabi splitting energy near exciton resonance of MAPbBr3 NWs is enhanced by ~ 1.4
times (up to ~ 560 meV) through coupling the NW with silica/silver film, which is mainly due to strong localized excitation field and reduction of effective mode volume Veff induced by surface plasmon. Moreover, the enhancement factor increases with the decreasing of silica thickness. Further, we prove that Exciton-photon coupling strengths of both perovskite and hybrid perovskite-metallic nanowires are enhanced with the decreasing of nanowire dimension due to reduction of photonic modes. These results are helpful for promoting exciton-photon coupling towards development of continuous wave, electrically driven polariton lasers, slow light, coherence light sources and nonlinear optics. Figure 1a shows the schematic diagram of strong coupling between excitons and photons in semiconductor NWs. With two end facets serving as micro-reflectors, semiconductor NW is naturally functioned as a Fabry-Pérot optical microcavity.
Results and Discussions
Cavity exciton polaritons form if coupling frequency g between exciton and cavity photon is faster than all decoherence processes in the microcavity, leading to the hallmark anti-crossing features near to exciton resonance in absorption or reflectance spectroscopy. In NW microcavity, photon confinement arises, leading to a reduced Veff due to the large refractive index contrast between semiconductor NWs and its surroundings (air, glass, silver), 36 which consequently leads to enhancement of exciton-photon coupling strength. Figure 1b shows the schematic diagram of as-proposed hybrid plasmonic microcavity, which consists of single crystalline MAPbBr3 NW, a silver (Ag) film and a thin protective layer SiO2 between MAPbBr3 NW and silver film. When the NW is placed on an insulator-silver film substrate (Figure 1b) , hybrid surface plasmon polariton (SPP) modes arise and strongly confines electromagnetic modes into sub-wavelength volume around the nanoscale silica layer (Figure 1d ). Effective mode volume in NWs is reduced by the strong confinement. On the other hand, the localized SPP field also serves as a vacuum field E and redistributes the single photon excitations, which leads to great enhancement of oscillator numbers density n which is proportional to the electric field intensity 2 E .
With the decrease of Veff and increase of n, the strong exciton-photon coupling strength g is enhanced accordingly. SiO2/Ag substrate is red-shifted by ~ 6 nm compared with that on glass substrate (~ 537 nm). The redshifts may be due to Franz-Keldysh effects, which will be discussed further. 37 Further, the full with at half maximum (FWHM) of PL peaks are ~ 20 nm and ~ 23 nm for NWs sitting on glass and 5 nm SiO2/Ag substrates, respectively. The corresponding damping constants are ex ~ c. a. 65 meV and 80 meV, which agree well with the value measured by reflection spectroscopy (59 and 77 meV, Figure   S4d ). 38 The increase of exciton damping on SiO2/Ag substrate is attributed to introducing of nonradiative exciton-plasmon scattering process. Compared with the in-situ emission, remote collected PL spectroscopy show significant redshift (P2, navy solid lines), which is primarily attributed to self-absorption ( Figure S3a) . 39 anti-crossing at the exciton resonance due to the quantum-mechanical noncrossing rule for two interacting energy levels. 22 No emission from upper polariton branch is detected due to relatively larger optical losses. 40 The calculated Rabi splitting energy, evaluated by minimum vertical distance between lower and upper polariton branches are ~ 270 and 387 meV for NWs on glass and 5 nm SiO2/Ag substrates, respectively.
In both configurations, the measured Rabi splitting energy is larger than photon and exciton escaping rate (phand ex: ~ 15 and 59 meV for NW on glass substrate; ~ 16
and 77 meV for NW on 5 nm SiO2/Ag substrate). It suggests that the condition of strong exciton-photon coupling is satisfied. Figure 3a shows a two-dimensional projection of the plasmonic mode, which has ultra-small effective mode volume ( Figure S6i) .
nevertheless, the huge dissipative rate due to intrinsic metallic Ohmic loss could not be easily overcome for SPP mode. 41 As a contrast, HE11 photonic mode with low loss coupling regime, the radiative transition rate of emitter is modified by the density of states, i.e., Purcell factor is proportional to electric field enhancement. 44 The lifetime of NW on glass substrate is 11, 5.5 and 1.4 times that of NWs on SiO2/Ag substrates when the SiO2 thickness is 5 nm, 10 nm and 20 nm, respectively. The values are slightly larger than Purcell factor calculated using electric field (Figure 4c) , which may be due to increased probability of nonradiative damping accomplished by surface plasmon.
In NW microcavity, exciton-polariton effect is highly dependent on the dimension of NWs. To further investigate surface plasmon enhanced strong exciton-photon coupling, group of NWs on glass and 5nm SiO2/Ag substrates are selected with widths ranging from ~ 400-600 nm and lengths ranging from ~ 2.5-21
μm. 
Conclusion
In this work, strong coupling strength of ~ 560 meV is demonstrated in facile solution processed MAPbBr3 NWs. The as-reported value is so far the highest in the spectra range of ~ 540 nm to our best knowledge. The results are due to three reasons: 1) MAPbBr3 has intrinsic high exciton oscillation strength; 2) NW is functioned as an active microcavity which provides good photonic mode confinement; 3) surface plasmon induced EM field serves as vacuum field, redistributes oscillators and then promotes density of oscillators in effective area. Although exciton damping rate increases due to surface plasmon, the strong exciton photon coupling strength is still extensively enhanced by 1.4 times due to the three advantages. In smaller NWs, strong exciton-plasmon interaction would be expected. Moreover, the enhanced coupling strength also reduces group velocity and thus slows light speed, which is useful for slow-light applications in nonlinear optics and quantum optics. These results accelerate the advancements of room temperature ultra-low threshold polariton lasers and nonlinear devices. 
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Materials and Methods

MAPbBr
A 405-nm long pass filter was used to block the excitation laser. The PL image is recorded by a cool-snap color camera equipped on Olympus BX51 microscope. The PL lifetime measurements were conducted by a time-corrected single photon counting technique (TCSPC). The excitation laser source is a frequency-doubled mode-locked Ti-sapphire oscillator laser (800 nm, repetition rate 76 MHz, pulse length 120 fs). The excitation fluence is very low to avoid heating and exciton-exciton scattering effects.
A 405-nm long pass filter was used to filter out ambient light and pass light from the MAPbBr3 exciton emission near 540 nm. For lasing measurements, the laser source is generated by frequency doubled from a Coherent Astrella regenerative amplifier (80 fs, 1 kHz, 800 nm) that was seeded by a Coherent Vitara-s oscillator (35 fs, 80 MHz).
All experiments are carried out at room temperature and atmosphere condition.
Measurement of Background Dielectric Constant b
 and Damping Constant  .
In Lorentz oscillator model, the dielectric function is given by,
. 49, 50 To obtain the E-k dispersion relation of exciton-polariton for NWs on SiO2/Ag substrates, the background dielectric constant b  and damping constant  need to be determined (SI Note 1). The background dielectric constant is calculated from the spectroscopic ellipsometer. [51] [52] [53] With the dielectric function ε(E) = are obtained by calculating the group index using E and k of each oscillation peak in emission spectroscopy. 
ε1(E) + iε2(E) and the refractive index N(E) = n(E) + ik(E)
